Engineered mice play an ever-increasing role in defining connections between genotype and phenotypic expression. The potential of magnetic resonance microscopy (MRM) for morphologic phenotyping in the mouse has previously been demonstrated; however, applications have been limited by long scan times, availability of the technology, and a foundation of normative data. This article describes an integrated environment for high-resolution study of normal, transgenic, and mutant mouse models at embryonic and neonatal stages. Three-dimensional images are shown at an isotropic resolution of 19.5 m (voxel volumes of 8 pL), acquired in 3 h at embryonic days 10.5-19.5 (10 stages) and postnatal days 0 -32 (6 stages). A web-accessible atlas encompassing this data was developed, and for critical stages of embryonic development (prenatal days 14.5-18.5), >200 anatomical structures have been identified and labeled. Also, matching optical histology and analysis tools are provided to compare multiple specimens at multiple developmental stages. The utility of the approach is demonstrated in characterizing cardiac septal defects in conditional mutant embryos lacking the Smoothened receptor gene. Finally, a collaborative paradigm is presented that allows sharing of data across the scientific community. This work makes magnetic resonance microscopy of the mouse embryo and neonate broadly available with carefully annotated normative data and an extensive environment for collaborations. digital atlas ͉ magnetic resonance microscopy ͉ mouse embryo
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n their seminal papers on MRI, Lauterbur (1) and Mansfield and Grannell (2) recognized the potential for magnetic resonance microscopy (MRM). Almost 13 years later, theory was reduced to practice with acquisition of the first MRI scans at microscopic spatial resolution (3) (4) (5) . Some of the first applications of MRM focused on the developing mouse embryo (6, 7) . The advent of 3D imaging methods spurred additional interest as its utility in understanding complex anatomy became apparent (8) . Since these early studies, using MRM to understand the developing embryo has grown steadily. MRM has been used for 3D studies in embryos at embryonic (E) day 10.5 and later when confocal techniques are not viable. Unfortunately, routine use of MRM for morphologic phenotyping has been limited to locations with expensive equipment and infrastructure.
Spatial resolution, acquisition time, and field of view (FOV) are three closely related barriers that have limited the utility of MRM. Several laboratories have explored using MRM to image the mouse embryo with widely varying resolution and acquisition time (9) (10) (11) (12) (13) (14) . The trade-off between spatial resolution and acquisition time is complicated by many factors (15) . For a constant signal-to-noise ratio, doubling the resolution along all three axes increases acquisition time 64-fold. As a consequence, the majority of studies have been at relatively low resolution (Ͼ40-m isotropic voxels at 64 pL). Resolution as high as 25 m (voxel volume of 16 pL) has been reported in the E15.5 embryo (16) (17) (18) but required 9 h to acquire data. Johnson et al. (19) achieved a general solution to this problem by introducing an active staining method to enhance the signal, and Petiet et al. (20) extended the technique to the rat fetus to obtain 3D image arrays at 19.5-m isotropic resolution (7.4 pL) in 3 h.
The spatial resolution depends on the FOV. The earliest 3D images were acquired over a 5 ϫ 5 ϫ 5-mm 3 FOV using 256 ϫ 256 ϫ 256 image arrays (9) . A spatial resolution of 20 m was achieved with this limited FOV. Although sufficient for an E9.5 embryo, this resolution could not be readily extended to larger specimens. For example, imaging an E18.5 embryo at the same spatial resolution would require image arrays of 1,024 ϫ 512 ϫ 512 for a FOV of 20 ϫ 10 ϫ 10 mm 3 . In turn, this presents logistical problems in acquisition, reconstruction, archival, display, and analysis. The raw data file for a fully sampled 1,024 ϫ 512 ϫ 512 array is Ͼ4 GB, with a reconstructed image Ͼ500 MB. Acquisition and reconstruction software for such large arrays is not commercially available, and hardware and software for comparative analysis are not yet widely deployed.
An additional barrier to widespread use of MRM in phenotyping the mouse embryo is availability of a standardized knowledge base. The introduction of computed tomography in 1973 caused physicians to rethink their view of anatomy as plain film images were replaced with transverse sections. Magnetic resonance imaging required an additional knowledge base for interpretation of anatomy in alternative coronal and sagittal planes with widely varied image contrast. The database presented has been designed to accelerate this process for interpreting mouse embryo images.
We present here methods that we believe will significantly enhance the use of MRM to study the mouse embryo, including the following:
1. A standardized protocol based on actively stained specimens that allows acquisition of images at a resolution of 19.5 m in ϳ3 h. 2. A 4D atlas at E10.5 to postnatal day (PND) 32 (total of 16 stages). Image sets at E10.5-E18.5 are annotated with Ͼ200 labels. 3. An Internet portal for the atlas that is analogous to the gene sequence databases, which addresses challenges unique to digital imaging.
Results

Fig. 1
A-C shows sagittal, transverse, and coronal images of a stained E15.5 mouse. The high-throughput protocol was used for scans with an isotropic resolution of 19.5 m. Because the resolution is equivalent in all three cardinal planes, one can retrospectively define the plane along any arbitrary axis. Fig. 1D shows a volume image demonstrating the intersection of the three planes. The signal-to-noise ratio of 50:1 and the contrastto-noise ratio are sufficient to identify all major organs. specimens acquired with the archival protocol with two excitations (see Materials and Methods) and postnatal specimens acquired with the standard protocol. This abbreviated selection illustrates the challenge of scale encountered when imaging at E10.5, where the average crown-to-rump length is 4 mm vs. PND8 with a crown-to-tail dimension of 40 mm and the PND32 mouse (data not shown) with a 75-mm crown-to-tail length [supporting information (SI) Table S1 ].
The volumes have been assembled into a 4D atlas (3D volume in space plus time postconception as the fourth dimension). More than 200 structures have been labeled by using accepted nomenclature (21) for stages E14.5-E18.5. Labels are supplied for all three cardinal planes at intervals ranging from 195 to 585 m. The software that displays the annotated data was adapted from the Mouse Biomedical Informatics Research Network (MBIRN) Atlasing Toolkit (MBAT) (http://www.nbirn.net/ tools/mbat/index.shtm). Fig. 3 shows the display tool with a representative slice from the labeled E16.5 specimen. Fig. 4 demonstrates use of the atlas to study developmental changes in the heart. Coronal and transverse views from E12.5, E18.5, PND0, and PND4 specimens are displayed simultaneously, allowing interactive matching of anatomical landmarks. Larger structures, such as the atria and ventricles visible in postnatal specimens ( The value of the 4D atlas in probing the complex interplay between genotype and morphologic phenotype is shown in a study of cardiac malformations. Images of embryonic cardiac septal defects were acquired by using a mouse strain bearing a conditional ablation of the Smo receptor gene. Fig. 5 shows images from E14.5 WT and Smo Ϫ specimens acquired with the standard 3-h protocol. Severe septal defects are identified in the mutant in three regions. In most cranial slices ( Fig. 5 A and B) , the outflow tract, which branches into the aorta and pulmonary trunk in the WT, appears as a single outflow tract in the mutant. In views of the center of the heart (Fig. 5 C and D) , the mutant shows an open interventricular septum. In most caudal slices ( Fig. 5 E and F) , the dorsal mesenchymal protrusion (an undercharacterized structure overlying the endocardial cushions) (22) is absent in the Smo Ϫ specimen. The rendered volumes of segmented structures (Fig. 5 AЈ, BЈ , EЈ, and FЈ) provide added views of the morphologic consequences of the mutation. Fig. 6 is a collage from the web-based tools assembled by using the 4D atlas. The core of the software is VoxPort, a Structured Query Language (SQL) database developed by MRPath Inc. (now Umlaut Inc.). Access to the database is provided for free at http://www.civm.duhs.duke.edu/devatlas/index.html. Registered users can download MBAT software to access the entire 4D mouse atlas. VoxStation, a Java application, allows simultaneous display of images from multiple stages obtained with various imaging modalities. Users can segment regions of interest, reconstruct structures in 3D with third-party software [e.g., ImageJ (http://rsb.info.nih.gov/ij)], and make quantitative assessments of morphology changes. Other investigators can add datasets with novel phenotypes. As imaging technology advances and knowledge of gene-based morphology in the mouse expands, the infrastructure to incorporate this new information is now in place.
Discussion
Many investigators have demonstrated MRI scans of the mouse embryo. The scan times in these previous studies have been too long for routine use (9-36 h). Spatial resolution has been limited (25-120 m), and the contrast has varied (rapid acquisition relaxation-enhanced, T2-weighted, diffusion-weighted, and proton density). These previous studies used relatively small image matrices that either limited the FOV, spatial resolution, or both. Combining active staining with extended dynamic range partial Fourier acquisition has allowed us to acquire the highest resolution images yet obtained, with the largest image matrices covering the largest FOV, with an acquisition time far shorter than previous studies. Our preparation for prenatal specimens is Representative image from the labeled 4D atlas of the mouse shows a coronal slice from an E16.5 specimen.
fast (Ͻ1 h) and easy to perform. Although transcardial perfusion for postnatal mice requires more technical skill, it is still a rapid procedure of approximately 1 h per animal. Both procedures are readily scalable to large numbers of specimens.
The work expands on work by others. Dhenain et al. (13) published an MRI atlas of the mouse embryo (E6-E15.5). The atlas shown here has eight times higher spatial resolution, covering not only early embryonic and fetal stages but following through the critical first 32 days of postnatal development. Other investigators have provided annotation to help interpret the MRI signals and complex anatomy (13, 14, 23) . The atlas described here is the most comprehensive to date, identifying Ͼ200 structures at five different stages in three planes, along with complementary conventional histology.
There is little doubt that the mouse will serve as a critical link between genotype and phenotype. However, as seen in the evolution of clinical imaging methods, wide variation in protocols can slow the broad use of a new method. Several groups have demonstrated the utility of MRM to study cardiac malformations in the mouse (17, 18, 24) . We used a model with cardiac septal defects to demonstrate the value of our standard protocol in a high-throughput environment. We do not claim that the protocol is the optimal solution. However, the protocol does have several appealing attributes-substantially higher spatial resolution than work published to date, and it can be executed in ϳ3 h. Even higher throughput will be readily achieved in the near term. Schneider et al. (25) have demonstrated the simultaneous acquisition of 32 specimens by using a single radiofrequency coil. Bock et al. (26) demonstrated an even superior method using multiple individual coils. At this point, the limit is the homogeneous volume of the magnetic field and the linear volume of the gradient coils. Our magnet and gradients can readily accommodate two to four embryos. With an automated sample changer, we could acquire up to 32 images per day. At that point, the bottleneck for screening will arise in interpretation. The final benefit of this protocol is uniform high contrast. The staining process clearly differentiates Ͼ200 structures, which are visible throughout development. Because the stain reduces the T1 of all the tissues, the contrast predominantly depends on proton density and diffusion. Thus, the protocol will provide similar results regardless of the field strength at which the images are acquired.
In 1991, we introduced the concept of spin echo imaging with ''very large arrays,'' which is pale compared with our needs today. To simultaneously decrease the voxel size by Ͼ10-fold over our previous work while increasing the FOV to allow coverage of a PND32 mouse, we have increased the image array by 64-fold. The infrastructure required was appropriately scaled. New acquisition software was developed to accommodate the much broader dynamic range required. The reconstruction software has been appropriately scaled. A sophisticated imaging database has been constructed with Ͼ1.3 TB now online. These resources are of no value unless the scientific community can have ready access, however. By placing the burden of volume and image management on our local image server, users with limited computational power and memory can still interactively page, in space and time, through multigigabyte image arrays.
Finally, we have introduced an approach to a collaborative community of science. As a National Biomedical Technology Resource, the Center for In Vivo Microscopy is committed to making our tools and expertise as widely available as possible. Investigators can contact us via the web to collaborate on scanning new embryos. The specimens, once scanned, are available to these collaborators and the rest of the scientific community through the infrastructure described here. The atlas with labels provides expert guidance in identifying normal anatomy. Perhaps most significantly, the same infrastructure allows our collaborators to contribute back to the archive. As data are analyzed, investigators can label and comment on their own data. Additional supplemental data, such as volume measures, conventional histology, volume visualization, and animations, can all be added. We expect that users will, as we have in this article, make their data available to their colleagues upon publication. In this traditional article, we have been able to present only a few cross-sections of our acquired data. Our portal lets investigators browse and download our entire multimodality, multiple time point, multigigabyte collection of data and contribute their own observations and analysis back to it. This is a dynamic web resource in which many will contribute to expand our understanding of the developing mouse embryo.
Materials and Methods
Specimen Preparation. All procedures were approved by the Duke Institutional Animal Care and Use Committee. Pregnant C57BL/6 dams were obtained from perfusion fixed and stained using ultrasound-guided transcardiac perfusion, according to the methods described by Zhou et al. (27) using an ultrasound biomicroscope (Vevo 770; VisualSonics). Isoflurane was administered by nose cone. Three different perfusates were delivered through a syringe pump. The left ventricle was perfused for 5 min with a mixture of saline with 0.1% heparin and ProHance to allow infusion with intact circulation. This step used a high concentration of contrast agent (10:1 vol/vol saline/ProHance) and low flow rate. This was followed by perfusion with a 20:1 saline/ProHance mixture at a higher flow rate with outflow from the left jugular vein and the two femoral veins, replacing blood with the perfusate, with a dye included to monitor flush-out. Once this perfusate ran clear, animals were fixed for 10 -15 min with formalin and ProHance (20:1 vol/vol concentration). Flow rates were empirically determined and varied as a function of the pup's age (Table S1 ). (28 -30) . Three WT and three mutant (Mef2C-AHF-Cre;Smo flox/Ϫ ) littermates were collected at E14.5 and prepared by immersion, as described. Tail snips were used for genotyping (30) .
Mutant
MRI. Three-dimensional data for all specimens up to PND8 were acquired at 9.4 T (400 MHz), using a GE EXCITE console (Epic 11.0). PND16 and PND32 were scanned in a 7-T (300 MHz) system, GE EXCITE console (Epic 12.4), with gradients that accommodate larger animals. We used a 3D rf refocused sequence, with asymmetrical sampling and an expanded dynamic range (20) (repetition time ϭ 75 ms, echo time ϭ 5.2 ms), which provides full resolution at the Nyquist frequency. For all embryonic stages, the matrix size was 1,024 ϫ 512 ϫ 512 and FOV was 20 ϫ 10 ϫ 10 mm 3 , which yielded an isotropic resolution of 19.5 m. For routine scans, we used one excitation per view with a scan time of 3 h 11 min. Archival scans of embryonic specimens included in this database were obtained by using two excitations (scan time of 6 h 22 min). Matrix sizes were increased and spatial resolution was decreased to accommodate postnatal animals. Scan time was 3 h 11 min for PND0 -8 and increased to 12 h, 24 min for the largest specimens (PND16 and PND32), which required the largest image arrays. Isotropic resolution for postnatal specimens was 39 m for PND0 -4 and 48.8 m for PND8 -32 (Table S1 ).
Image Processing and Analysis. Datasets were aligned so that the center of the object coincided with the center of the matrix. Arrays were rotated so that the crown-rump axis was aligned with the vertical axis of the array. Selected slices were labeled in three orthogonal planes according to Kaufman's atlas of the developing mouse (21) . Embryonic and neonatal heart volumes were manually labeled by using VoxPort software. Masks were used to segment the labeled hearts from the whole volumes via MATLAB (MathWorks). Volume-rendered images and 3D movies were generated by using VGStudio MAX (Volume Graphics).
